Background: To investigate whether the response to induction chemotherapy (IC) would impact the timing of thoracic radiotherapy (TRT) in limited-stage small-cell lung cancer (LS-SCLC). Methods: A total of 146 patients with LS-SCLC who had received two to six cycles of IC followed by TRT from January 2009 to December 2011 at our hospital were included in this study. Patients were divided into two groups based on the time TRT was administered: early TRT (administered after 2-3 cycles of chemotherapy) or late TRT (administered after 4-6 cycles). Overall survival (OS) and progression-free survival (PFS) were analyzed using the Kaplan-Meier method. Multivariate Cox regression analysis was performed to evaluate the independent factors affecting survival. Results: The median OS for patients who received early TRT and late TRT was 29.0 and 19.9 months, respectively, (P = 0.018) and the median PFS was 18.5 and 13.8 months, respectively (P = 0.049). In patients who achieved complete remission (CR) or partial remission (PR) after two to three cycles of IC, the median OS was 36.1 and 22.5 months in the early and late TRT subgroups, respectively (P = 0.009); the corresponding median PFS was 20.2 and 13.8 months, respectively (P = 0.038). In the patients who did not achieve CR or PR, no statistic difference was found in OS or PFS between the two subgroups. Conclusion: Patients who received early TRT had more favorable outcomes than those who received late TRT. Patients who achieved CR or PR after two to three cycles of IC obtained more benefit from early TRT.
Introduction
Over the past two decades, the greatest advances in first-line treatment for SCLC have been in the field of radiation oncology. Concurrent thoracic radiotherapy (TRT) with cisplatinbased chemotherapy is considered the standard of care for patients with limited-stage, small-cell lung cancer (LS-SCLC). 1 However, controversy remains regarding the radiation dose and fraction, the radiation target, and the optimal timing of chemoradiotherapy. 2 Several randomized clinical trials and meta-analyses focused on the timing of TRT have provided supportive evidence that the early administration of TRT in combination with chemotherapy improves survival in LS-SCLC, [3] [4] [5] [6] [7] [8] and the 2014 National Comprehensive Cancer Center Network (NCCN) guidelines for SCLC state that category 1 evidence exists to support the commencement of radiotherapy in combination with the first or second cycle of chemotherapy. However, early concurrent radiotherapy and dose-intense therapy are not appropriate for all patients because of practical limitations. It has been reported that less than 69% of patients who receive TRT concurrently with the first cycle of chemotherapy completed the planned chemotherapy regimen. 9 Delayed initiation of TRT is a preferable choice when patients present with poor performance status or severe comorbidities, or when patients have bulky tumors that require large radiation target volumes, which inevitably increase toxic effects or result in an unacceptable dose to normal tissue. Two to three cycles of induction chemotherapy (IC) allow for an evaluation of the response to the chemotherapy regimen, relieve toxic effects as a result of tumor volume shrinkage, and avoid probable treatment delays related to preparation for TRT. A phase III trial conducted in Korea demonstrated that late TRT administered with the third cycle of etoposide and cisplatin (EP) chemotherapy was not inferior to early TRT in the treatment of LS-SCLC. 10 This result led to attempts to clarify whether more cycles of chemotherapy, which further delay TRT, are an alternative choice for patients who have a good response to IC. Although 60-80% of patients with SCLC potentially respond to the classic EP regimen, many patients are not sensitive to chemotherapy. 11 We, therefore, intended to evaluate whether different responses to the first two to three cycles of chemotherapy can influence the decision-making process with regard to the timing of TRT, thereby aiding treatment decisions.
Methods and materials

Criteria for the inclusion of clinical data
The criteria for the inclusion of clinical data were as follows: (i) patients were treated at our institution between January 2009 and December 2011; (ii) SCLC was confirmed by cytology, histology, or both; (iii) the disease was clinically diagnosed as LS-SCLC according to the Veterans Administration Lung Study Group classification system (and reclassified by the 2009 Union for International Cancer Control staging system); (iv) all patients received two to six cycles of IC, followed by definitive TRT with or without concurrent chemotherapy and maintenance chemotherapy; and (v) therapeutic responses after two to three cycles of chemotherapy were estimated with computed tomography (CT) scans based on Response Evaluation Criteria in Solid Tumors (version 1.1) as complete remission (CR, no evidence of tumor and lymph node of <10 mm on the short axis; confirmed at 4 weeks), partial remission (PR, at least a 30% decrease in the sum of the diameters of the target lesions, taking as reference the baseline sum diameters; confirmed at 4 weeks), stable disease (SD, neither PR nor PD criteria met), and partial disease (PD, at least a 20% increase in the sum of the diameters of the target lesions, taking as reference the smallest sum of the study [including the baseline sum if this is the smallest] and demonstrate an absolute increase of at least 5 mm; the appearance of new lesions is also considered).
Patient characteristics
A total of 154 eligible patients with LS-SCLC were initially enrolled. We excluded eight patients because of incomplete data. The patients were divided into two groups: early TRT (TRT administered after 2-3 cycles of chemotherapy) or late TRT (TRT administered after 4-6 cycles of chemotherapy). Eighty-nine patients received early TRT, and 57 received late TRT. The characteristics of the remaining 146 patients are summarized in Table 1 , and the distribution of basic characteristics and treatment approaches in the early and late TRT groups are shown in Table 2 .
Treatment characteristics
Chemotherapy: All patients received two to six cycles (median 3 cycles) of IC, which predominantly consisted of an EP regimen (54.1%); other regimens included etoposide and carboplatin (EC) (36.3%) or other platinum-based doublet schemes (9.6%). Ninety-six patients received one to four cycles (median 2 cycles) of maintenance chemotherapy after TRT with regimens that included EP (68.8%), EC (17.7%), and other platinum-based schemes (13.5%). Only 45 patients received concurrent EP chemotherapy during radiotherapy. Chemotherapy was administered at three to four week intervals.
Radiotherapy: All patients received TRT; 82 patients were treated with three-dimensional conformal radiation therapy (3D-CRT), and 64 patients were treated with intensitymodulated radiation therapy (IMRT). The TRT regimens involved 1.8-2.1 Gy daily fractions, with a total dose of 50-66 Gy. The gross target volume (GTV) encompassed the primary tumor and any hilar and mediastinal lymph nodes and had minor axes at least 1 cm long with respect to the postchemotherapy chest CT images. The primary tumor volume was contoured using a lung window, whereas abnormal lymph node volumes were delineated using a mediastinal window. The clinical target volume (CTV) delineation was performed by expanding the GTV by 0.5 cm and including any mediastinal nodal regions initially involved. The planning target volume (PTV) was created by expanding the CTV with adequate margins in all directions (usually 0.5-1 cm). At least 95% of the PTV was covered by the prescribed dose. Dose constraints for the lung were ≤20 Gy for the mean lung dose (MLD) and ≤35% for V20 (V20 ≤30% if patients received concurrent chemoradiotherapy). The dose constraint for the heart was V30 ≤40%, and for the esophagus was V50 ≤50% (VXX = % of the whole organ at risk receiving ≥ xx Gy). The dose to the spinal cord could not exceed 45 Gy. Prophylactic cranial irradiation (PCI) was only offered to patients who achieved complete or near complete responses to chemoradiotherapy.
Data analysis
Overall survival (OS) was calculated from the date of diagnosis to the date of death or last follow-up. Locoregional recurrence (LRR) was defined as recurrence at the primary tumor site or in the mediastinal or supraclavicular nodal regions; recurrence beyond these areas was considered distant metastasis (DM). Progression-free survival (PFS) was measured from the time of diagnosis until LRR or DM occurrence or was censored at the date of the last follow-up examination.
LRR and DM were diagnosed either by imaging (CT or positron emission tomography/computed tomography) or biopsy. OS and PFS were estimated using the Kaplan-Meier method, and the difference in survival rates between the groups was compared with the χ 2 test. The Cox proportional hazards model was performed to determine the hazard ratio (HR) for OS.
Results
The median follow-up time of the survival patients was 43.9 months (range, 28.1-64.5 months). Forty-four patients (30.1%) were still alive at the last follow-up. The median OS of the entire group was 25.4 months (range, 5.6-64.5 months). The one, two and three-year OS was 86.3%, 52.1%, and 37.7%, respectively. The median PFS was 15.4 months (range, 4.0-64.5 months), and the one, two and three-year PFS was 61.6%, 37.0%, and 35.6%, respectively. Ninety-seven patients experienced disease progression, 53 patients had LRR, 78 patients had DM, and 34 patients had both. The most common site of DM was the brain (44.9%), followed by bone (28.2%), liver (26.9%), and other organs (25.6%).
The early TRT group had significantly improved OS compared with the late TRT group; the median OS was 29.0 and 19.9 months, respectively (P = 0.018) (Fig 1) . Patients who achieved CR or PR after two to three cycles of IC showed better survival than those who did not. The median OS was 28.4 and 17.8 months (P = 0.021). Other factors associated with longer OS, according to univariate analyses, were age ≤60 years, PCI, and smaller GTV (P < 0.05) ( Table 1 ). In multivariate analysis, GTV (P = 0.026; HR = 1.004; 95% confidence interval [CI], 1.000-1.007), and PCI (P = 0.026; HR = 0.595; 95% CI, 0.376-0.941) remained independent risk factors for OS. GTV was considered a continuous variable, and our results showed that the HR for death increased 0.4% per cm 3 increase in GTV.
Among the abovementioned factors, only the timing of TRT was significantly correlated with PFS. PFS in the early and late TRT groups was 18.5 and 13.8 months, respectively (P = 0.049) (Fig 1) . The one, two and three-year DM in the late TRT group 3D-CRT, three-dimensional conformal radiation therapy; CR, complete remission; GTV, gross target volume; IMRT, intensity-modulated radiation therapy; PD, partial disease; PR, partial remission; SD, stable disease; TRT, thoracic radiotherapy. IC response impact TRT timing for SCLC P. Wang et al.
was significantly higher than those in the early TRT group (40.6%, 64.3%, and 69.2% vs. 26.3%, 46.6%, and 48.0%, respectively, P = 0.035). However, the difference in the LRR rate in the two groups was not statistically significant (28.5%, 57.6%, and 57.6%, vs. 17.3%, 38.3%, and 38.3% P = 0.066).
In subgroup analysis, in the 114 patients who achieved CR or PR after IC, the patients who received early TRT had improved survival compared with those who received delayed TRT. The median OS was 36.1 for the early TRT subgroup compared with 22.5 months for the late TRT subgroup, and the three-year OS was 52.2% and 25.5%, respectively (P = 0.009). The median PFS was 20.2 and 13.8 months and the three-year PFS was 44.9% versus 22.1% (P = 0.038) (Fig 2) . Among patients with SD or PD responses to IC, there was no statistical difference in survival outcome between the early and late TRT subgroups; the median OS was 20.0 and 14.7 months and the three-year OS was 21.2% and 30.0%, respectively (P = 0.770). The median PFS was 13.1 and 10.3 months, respectively, and the three-year PFS was 17.5% versus 16.0% (P = 0.483) ( Table 3) (Fig 3) .
Toxicity
The observed toxicities are summarized in Table 4 . No grade 4 or higher severe adverse events were observed. Grade 2 , early TRT; , late TRT. pneumonitis was identified in 8.9% of the patients, and grade 3 pneumonitis occurred in 2.1%. Only 6.2% of the patients experienced grade 2 esophagitis, and none of the patients experienced grade ≥3 esophagitis. The grade 2 and 3 neutropenia rates were 6.2% and 2.1%, respectively. No significant difference in toxicities was found between the early and late TRT groups.
Discussion
The median OS of 25.4 months in our study is encouraging, compared with the literature. 2 We used a once-daily TRT regimen, rather than the accelerated hyperfractionated TRT approach, because of its time-saving convenience and the fact that it resulted in a decreased rate of severe adverse events. 12 As expected, our study demonstrated relatively low toxic effects.
The famous INT0096 study validated the use of concurrent chemotherapy with TRT as first-line treatment for LS-SCLC; however, the optimal timing of TRT is still controversial. Randomized trials and meta-analyses focusing on this topic have reported inconsistent results; specifically, some demonstrated a survival benefit from early TRT, 3-8 whereas others did not. 9, 13 However, the majority of the evidence suggests a modest survival benefit associated with an earlier initiation of TRT. In our study, improved OS and PFS were observed in patients who received early TRT. This result may be partially because of the fact that a higher proportion of patients in the early TRT group received concurrent chemoradiotherapy, compared with the late TRT group. Patients who received early TRT typically presented with good hematopoietic function and could tolerate concurrent chemoradiotherapy, and it is widely known that concurrent chemoradiotherapy is superior to a sequential regimen in the treatment of SCLC. 3, 7 More importantly, patients in the early TRT group had short durations between the start of chemotherapy and radiotherapy administration, which has been demonstrated to affect survival in several previous studies. 5, 6, 14, 15 Murray et al. reported that the prolongation of SER (time between the start of any treatment and the end of radiation therapy) resulted in more frequent brain metastasis, 6 and a study from Japan yielded similar results, causing the author to speculate that SER affects survival because of the probability of distant metastasis, but not local control. 15 This tendency was also demonstrated in our study; specifically, the DM rates in the late TRT group were significantly higher than those in the early TRT group, and the LRR rates were not significantly different between the two groups. This phenomenon could be explained by the theory of somatic mutation of drug resistance occurring in the SCLC cells. Among the LS-SCLC patients, some had chemotherapy-resistant tumors that were confined to the primary site; the early initiation of TRT could potentially eradicate these resistant clones before they spread outward, thereby decreasing the DM rate. 6 The timing of TRT has been the subject of several studies. However, most studies defined early TRT as starting radiotherapy within one to eight weeks of the first day of chemotherapy, 3, 4, 6, 8 and they focused on the impact of different chemotherapy regimens and radiation fractionation schemes on the timing of TRT. 5 To our knowledge, few studies have investigated the impact of the response to IC on decisionmaking with regard to the timing of TRT. In one study, researchers found that radiation treatment planning can be optimized to reduce the radiation dose to normal tissue as a result of tumor shrinkage after the first cycle of chemotherapy, and an additional cycle of chemotherapy did not increase this benefit. They, therefore, concluded that initiating thoracic radiation therapy during the second cycle of chemotherapy may be a reasonable strategy. 16 This study did not include a survival analysis, and patients who were not sensitive to chemotherapy were not taken into consideration. In our study, we analyzed survival based on the response to two to three cycles of IC, and subsequently used subgroup analyses to evaluate the impact of response to the first two to three cycles chemotherapy on decision-making in the timing of TRT.
Our results revealed that patients who achieved CR or PR after IC had a longer OS than those who did not, in accordance with earlier reports. 17, 18 Fujii et al. determined that patients who did not achieve CR or PR after the first cycle of chemoradiotherapy had poorer outcomes, even though objective responses were ultimately achieved through subsequent treatment. 18 Sirohi et al. reported that NSCLC patients with SD after two courses of initial first-line chemotherapy had poorer outcomes than those with a PR. 17 Thus, the early response to chemotherapy can aid in the prediction of longterm survival.
In addition, considering that SCLC is highly responsive to chemotherapy and that the GTV is delineated with reference to the post-chemotherapy chest CT images, we assumed that the GTV could reflect the response to chemotherapy to a certain extent; thus, a smaller volume could be a surrogate for a good response to chemotherapy, and could also facilitate quantitative analysis because it can be calculated by treatment planning systems. In our study, patients with smaller GTV had significantly longer survival times and the HR for death increased by 0.4% per cm 3 increase in GTV; similar to the results from a previous study demonstrating that for patients with SCLC, GTV was an independent risk factor for survival. 19 However, the definitions of GTV differed between the studies; the GTV in the previous study consisted of the postchemotherapy tumor volume and pre-chemotherapy nodal volume, which was similar to our CTV measurement.
In subgroup analysis, we took the response to two to three cycles of IC into account as a stratification factor and analyzed the impact of TRT timing on survival. We found that among the patients who achieved CR or PR after IC, the early TRT subgroup had significantly longer OS and PFS times. Patients with PD or SD after IC also tended to achieve longer survival times when they received early TRT rather than late TRT, although these results were not statistically significant. The small number of patients who obtained poor responses to IC may explain this result; the inclusion of more patients may solve this problem. It is also possible that the absence of early responses to chemotherapy may predict poor survival and that the timing of TRT is not as important for these patients. The availability of additional mature data is required to obtain a definitive conclusion, but the existing evidence indicates that early TRT is still recommended, especially for patients who have good responses to two to three cycles of IC.
As a retrospective study,our study has some limitations.The major limitation is the fact that only 45 (30%) patients received concurrent chemoradiotherapy in this study, which can be explained by three reasons. Firstly, the criteria for patients included into this study were those who received induction chemotherapy, meaning that most patients were not candidates for early concurrent CRT when age, physical condition, and tumor burden were taken into account, especially when they presented with poor performance status or severe comorbidities, or when they had bulky tumors. Secondly, as nearly 40% of patients in this research received more than three cycles of IC, the accumulated side effects lowered their tolerance of concurrent chemoradiotherapy; therefore, only 12.3% of these patients received concurrent CRT. Finally, a patient's expectation is another reason. The small proportion of patients who received concurrent chemoradiotherapy in this study may limit its applicability to some degree. Other limitations include the retrospective nature of this study and the heterogeneity of the baseline characteristics and treatment regimens in each treatment group. Well-designed, prospective, randomized clinical trials are warranted.
Conclusion
This study demonstrates that early TRT is recommended, especially in patients who obtain a good response to two to three cycles of IC. Well-designed, prospective studies are warranted to investigate whether patients with PD or SD after two to three cycles of IC could benefit from early TRT initiation.
